INTRODUCTION
Autoimmune diseases are characterized by persistent, noninfection-related inflammation, leading to extensive tissue damage. In type 1 diabetes (T1D), this translates clinically as progressive lymphocyte infiltration into the pancreatic islets (insulitis), leading to loss of insulin production. In the NOD T1D model, mice spontaneously develop progressive insulitis beginning at 2 weeks of age, leading to diabetes onset by 16 -20 weeks of age [1] . Although several genetic factors influence disease, a common feature of autoimmunity is the occurrence and persistence of autoaggressive T cells.
Although the existence of autoaggressive T cells is understood, identification of such T cells in the periphery has proven difficult. Although self-antigen-reactive, autoaggressive T cells were identified in pancreatic lymph nodes of human T1D subjects [2] , only limited success identifying such T cells in the periphery has been achieved overall using tetramer technology [3, 4] , which has serious limitations. Tetramers express only a small peptide portion, typically 15-21 amino acids, of a specific antigen; therefore, numerous tetramers would be necessary to study even a small subset of potentially autoaggressive T cells. Studies in T1D have focused on pre-pro insulin and glutamic acid decarboxylase proteins as driver self-antigens, including tetramer identification of such T cells [3, [5] [6] [7] [8] [9] . Focusing on a phenotypically descriptive, autoaggressive T cell subset would aid discovery of additional antigens for study.
We discovered that a panel of highly diabetogenic T cell clones, including the well-described BDC2.5 clone, expresses CD40 [10] . We further examined CD40 expression on primary T cells in NOD mice and identified a unique effector CD4
ϩ T cell population, characterized as CD4 lo CD40 ϩ (Th40) cells [10 -13] , which were detected in autoimmune and nonautoimmune mouse strains but occur at much greater percentages in autoimmunity [13] . Importantly, Th40 cells were isolated directly from the pancreata of prediabetic and diabetic NOD mice [10] . Highly purified Th40 cells, when isolated from spleens of diabetic or prediabetic NOD mice, transfer progressive insulitis and diabetes to NOD.scid recipients [10, 11] . Percentages of Th40 cells are low in young NOD mice but expand in the periphery concurrently with progressive insulitis [11] . These findings suggest that Th40 cells are capable of breaking tolerance in NOD mice.
The role of CD40 in autoimmunity is quite extensive. Importantly, blocking CD40 -CD154 interactions in NOD mice at 3 weeks of age not only prevented development of diabetes [14] but also prevented expansion of Th40 autoaggressive T cells [11] . Consequently, following anti-CD154 blockade, the CD4 ϩ CD25 ϩ , potential regulatory T cell (Treg) subset occurred at percentages seen in nonautoimmune mice [11] , suggesting that CD40 signals may affect homeostasis between regulatory and autoaggressive T cells. The ligand for CD40, CD154, is activation-induced on T cells [15] but also is expressed on platelets and some APCs [16] . Furthermore, CD154 occurs in cell surface and soluble forms [17] . Interestingly, CD154 is hyperexpressed in T1D and other autoimmune diseases [18, 19] .
An important part of homeostatic control includes Tregs, which suppress effector T cells [20 -22] . Although Tregs occur intrinsically, they also can be induced. Descriptive markers for Tregs include CD4 ϩ CD25 ϩ [23, 24] , CD62L ϩ [25, 26] , CTLA-4 ϩ [27, 28] , ␣/␤ integrin-positive [29] , the glucocorticoid-induced TNFR (GITR) [30] , CD103 [30] , and low expression of CD127, a component of the IL-7R [31] . The most consistent marker for intrinsic Tregs is the forkhead box P3 (FoxP3) transcription factor [21, 22, [32] [33] [34] . As FoxP3 cannot be surface-stained, studies have focused on the CD4 ϩ CD25 ϩ subset [35, 36] . Here, we show that although nonobese-resistant (NOR) mice do not develop T1D, they harbor autoaggressive T cells, nevertheless with autoaggression confined to Th40 cells. Mechanistically, the potential autoaggressive:regulatory, defined here as Th40:
, T cell ratio in NOR mice remains consistent. Prediabetic NOD mice on the other hand demonstrate a significantly greater Th40:Treg ratio as a prelude to diabetes onset. One mechanism for the homeostatic disruption lies in the cell death-cell survival and proliferation processes. Immediately ex vivo, Th40 cells from NOD mice have low Fas expression, and Th40 cells from NOR and BALB/c have high Fas expression. We show that engaging CD40 on Th40 cells from NOD mice induces greater Fas expression but ablates cell death. Th40 cells from NOD mice undergo more rapid homeostatic proliferation in vivo than Th40 cells from NOR mice. Collectively, these studies suggest that CD40 signals promote disruption of homeostasis in autoimmune-prone NOD mice to favor autoimmunity.
MATERIALS AND METHODS

Animals
NOD, NOR, and BALB/c mice from Jackson Laboratories (Bar Harbor, ME, USA) were maintained and bred under Institutional Animal Care and Use Committee-approved conditions at the Webb-Waring Institute, University of Colorado Denver, School of Medicine, Animal Satellite Facility (Denver, CO, USA). All animals used were female, 9 -12 weeks old.
Cell purification
T cells were isolated from spleens, peripheral lymph nodes (inguinal, brachial, axial, lingual, submaxillary, and popliteal), and pancreatic lymph nodes. Single cell suspensions of each tissue were made from individual mice for analysis and for cell death assays. CD4 ϩ T cells were purified by passing cells through the lympholyte, and then CD8 and APCs were depleted. Lymphocytes were treated with Miltenyi Biotec (Auburn, CA, USA) anti-CD8 and anti-MHCII beads for 45 min. Cells were washed and passed through the Miltenyi Biotec AutoMacs set on Deplete S for sensitive depletion. Following depletion, cells were always Ͼ93% CD4 ϩ and CD3 ϩ . All experiments were performed on purified CD4 ϩ cells. Naïve CD4 ϩ T cells were further purified by depleting CD69, CD25, and CD11c using the AutoMacs system.
Cell staining and flow cytometry
Purified CD4 ϩ cells were stained using directly conjugated antibodies followed by three PBS-5% BSA washes. All samples were treated with 2.4.G2, anti-FcR antibody to prevent nonspecific binding. Staining antibodies included CyChrome™ and PE-or FITC-conjugated anti-CD4 (H129.19 or RM 4-4); PE-conjugated anti-Fas (JO2) and PE-conjugated anti-CD25 (7D4); FITC-or PE-conjugated FoxP3; and rat or mouse isotype control antibodies, all from BD-PharMingen (San Diego, CA, USA). FITC-or AlexaFluor-647 [fluoresces in fluorescent-4 (FL-4)] 1C10 [37] anti-CD40 was generated in-house. Staining strategies were constructed to prevent overlaps of fluors. Cells were assayed using a Becton Dickinson FACSCalibur, where 25,000 events were collected then analyzed by Cell-Quest™ software. Cells were gated on forward hi -versus side lo -scatters [38] .
Cell death assays
T cells were assayed for cell death from individual mice. Ex vivo T cells were untreated or CD40-engaged using an anti-CD40 IgM (clone HM-40-3, BDPharMingen) or isotype control, 10 g/ml, for 1 h, washed, and then incubated overnight. For induced cell-death studies, T cells, 2 ϫ 10 6 , were further treated or not with biotinylated anti-Fas at 5 g/ml (BD-PharMingen). Following antibody treatment for 1 h, T cells were washed, then treated with avidin at 2.5 g/ml for 30 min, and washed. Cells were incubated for 18 h. For analysis, T cells were stained with FITC-conjugated anti-CD40 (1C10 recognizes a different epitope from HM-40-3). Levels of CD40 on T cells were determined to be the same before and after induction of cell death. Cells were washed with PBS-5% BSA followed by PBS, fixed using 2% paraformaldehyde for 5 min at room temperature, washed three times with PBS-5% BSA, treated with 1% saponin in PBS-5% BSA for 30 min, and then made 0.5% propidium iodide (PI) that fluoresces in FL-2 for 20 min. Cells were washed three times with PBS-5% BSA and then assayed by flow cytometry. PI intercalates DNA; therefore, by this method, apoptosis is measured as the first detected peak [39, 40] .
Isolation/removal of CD25
ϩ T cells CD8-and MHCII-depleted T cells were treated further with biotinylated anti-CD25 (BD-PharMingen), washed, and incubated with streptavidin-magnetic beads (Miltenyi Biotec). Cells were washed with PBS and passed over an LD magnetic column or AutoMacs. After depletion, CD25 ϩ cells could not be detected in the samples, even after 24 h in culture.
Cell proliferation assays
In vitro
T cells were isolated from lymph nodes and spleens of age-matched, female NOD and NOR mice. Cells were passed through lympholyte and then CD8-, CD69-, CD11c-, and MHC-class II-depleted using the Miltenyi Biotec AutoMacs system. Remaining cells were Ͼ93% CD3 ϩ and CD4 ϩ . CD25 ϩ cells were isolated from the naïve CD4 ϩ population by treating with biotinylated anti-CD25 and then streptavidin-isolation beads (Miltenyi Biotec) and passed through AutoMacs. Cells demonstrated 98% purity. Remaining effector cells (CD4ϩ, CD69-, and CD25-depleted) were CFSE-labeled as described [41] and then plated on anti-CD3-and anti-CD28-coated plates at 5 ϫ 10 5 cells per well. Tregs, CD4
ϩ CD25 ϩ , were added at 0:1 (maximum proliferation control), 1:1, 2:1, and 4:1 ratios. Cells were incubated for 48 h. Proliferation was measured by loss of CFSE mean fluorescent intensity as described [41] . Experiments were done in triplicate and repeated two times.
In vivo
Naïve CD4 cells were purified by negative selection. Cells were positively selected for CD40 using biotinylated anti-CD40 (nonagonist 4F11) followed by iron-conjugated streptavidin beads and passing cells through the Automacs. Cells were Ͼ96% CD40 ϩ when stained with a different (FGK-45) CD40
antibody. T cells at 2.5 ϫ 10 6 were treated with anti-Fas and i.p.-injected into NOD.scid recipients. In an additional experiment, Th40 cells were not Fasengaged. Six out of seven recipients of NOD T cells became diabetic, blood glucose Ͼ160 for 2 weeks, and four out of six NOR T cell recipients became diabetic. Cells were isolated from spleens and pancreatic lymph nodes and counted.
Adoptive transfers and histology
Th40 T cells were sorted by AutoMacs (Miltenyi Biotec) using biotinylated anti-CD40 (1C10ϩ4F11) and shown to have 94% purity by flow cytometry. Th40 cells (2ϫ10 6 ) isolated from NOD mice were transferred by i.p. injection [10] to 10-day-old NOD.scid recipients, six total in three separate experiments, which received NOR Th40 cells. CD40-depleted T cells (2ϫ10 6 ) from NOR mice were transferred to NOD.scid recipients (six total in three separate experiments) at 10 days of age. In some experiments, CD40-depleted T cells were then CD25 (7D4, BD-PharMingen)-depleted, using the AutoMacs and found to have 99% purity. These T cells (2ϫ10 6 ) were transferred to NOD.scid recipients, six total as before, and monitored for hyperglycemia. In some experiments, after CD40 and CD25 depletion, the remaining T cells were treated with 10 g/ml biotinylated anti-CD3, 145.2C11, for 45 min, washed, and treated with 5 g/ml streptavidin for 30 min. Cells were washed and incubated for 3 h. Activated T cells were i.p.-injected, 2 ϫ 10 6 , into six 10-day-old NOD.scid recipients. At sustained hyperglycemia, blood glucose Ͼ200 mg/dl for 3 consecutive days, animals were killed and pancreata removed, sectioned, and stained with aldehyde/fuchsin showing infiltrations and loss of insulin granules.
Statistical analysis included the Holm-Sidak and Mann-Whitney one-way ANOVA. The SigmaStat™ statistical package was used.
RESULTS
Diabetes-resistant NOR mice develop autoaggressive T cells
NOD and NOR mice have an identical T cell development background, carrying I-A g7 MHC class II and possessing Ͼ90% of the same genome, but NOR mice do not develop diabetes [42] . This leads to the question of whether NOR mice develop autoaggressive T cells. In one report, NOR total splenic T cells that were CD25-depleted and Con A-stimulated caused insulitis in NOD.scid recipients [43] . When Tregs were present, only peri-insulitis occurred. We tested the hypothesis that purifying peripheral T cells to contain only the Th40 subset from NOR mice would induce insulitis and fulminant diabetes. Th40 cells purified from NOR mice and adoptively transferred to NOD.scid recipients induced hyperglycemia (Fig.  1A) , as we have shown with NOD Th40 cells [10, 11] . The rate of disease transfer kinetics was slower than transfer of T cells from NOD mice (Fig. 1A) . Recipients of Th40-depleted cells from NOR or NOD mice remain euglycemic (Fig. 1A) . Purification of CD40 ϩ T cells could have selectively isolated Th40 cells away from the Treg population, which would functionally be the same as depleting Tregs. We addressed if Treg-and Th40-depleted T cells are capable of pathogenesis. Recipients of T cells that were Th40-and Treg-depleted remained euglycemic (Fig. 1A) . Furthermore, even activation of the cells remaining after Th40 and Treg cell depletions did not transfer diabetes (Fig. 1A) . Th40 cells purified from NOR mice and adoptively transferred to NOD.scid recipients induced rapid and destructive insulitis, demonstrated by loss of insulin granules (Fig. 1B) . CD40-depleted T cells did not induce pancreatic pathology, i.e., no T cell infiltration and normal insulin production (Fig.  1C) . Th40-depleted and CD25 ϩ depleted T cells only allowed for some peri-insulitis with insulin granules remaining intact (Fig. 1D) . ϩ T cells isolated from NOR mice compared with NOD mice were adoptively transferred (2ϫ10 6 ) to NOD.scid recipients. Controls included CD40-depleted T cells and CD40-depleted and then CD25-depleted T cells that were adoptively transferred with identical numbers. Animals were monitored for glucose levels Ͼ200 mg/dl. (A) Graph representing hyperglycemia incidence. NOD.scid recipients of NOD or NOR Th40 cells rapidly become hyperglycemic, but CD40-depleted followed by CD25-depleted T cell recipients do not exhibit hyperglycemia through 45 days. If CD40-and CD25-depleted T cells were activated with anti-CD3 cross-linking for 3 h and then adoptively transferred, no hyperglycemia occurred through 45 days. Pancreata were sectioned and stained by aldehyde/fuchsin to measure insulin granules. (B) Pancreatic histology from Th40 recipients demonstrates massive islet infiltration and few insulin granules; (C) histology from CD40-depleted pancreas of T cell recipients demonstrates no infiltration and normal insulin granule levels; (D) histology from recipients of CD40-depleted followed by CD25-depleted T cells shows peri-insulitis but normal insulin granule production. Each histology figure is representative of the six recipient mice for each treatment. Experiments included two mice for each treatment and were done three separate times.
Th40 and Tregs in pancreatic lymph nodes
As demonstrated in Figure 1 , Th40 cells isolated from NOR mice can be highly autoaggressive [10 -12, 44] . Given that diabetogenic T cells are initially detected in draining pancreatic lymph nodes [2, 22, 45] , we compared percentages of Th40 cells within purified CD4 ϩ cells from pancreatic lymph nodes of prediabetic NOD mice with that of age-matched, diabetesresistant NOR mice. Pancreatic lymph nodes of 9-week-old NOD mice contain a substantial Th40 population (Fig. 2A) . Although NOR mice have the identical T cell developmental background as NOD mice, pancreatic lymph nodes from NOR mice maintain a significantly (PϽ0.001) lower percentage of Th40 cells (Fig. 2B) To address the potential tolerance mechanism preventing diabetes onset in NOR mice, we compared percentages of intrinsic Tregs between NOR and age-matched NOD mice in pancreatic draining lymph nodes. Studies have shown that peripheral Tregs from NOD mice express normal levels of GITR and CTLA-4 and are equally as suppressive as Tregs from other mouse strains [46] . From purified CD4
ϩ T cells, levels of CD25 ϩ cells were measured. Interestingly, diabetesresistant NOR mice have almost a twofold higher percentage of CD25 ϩ cells within the CD4 ϩ population from the pancreatic lymph nodes (Fig. 2C) (Fig. 2D) . In fact, we confirmed that intrinsic Tregs, within the CD4 ϩ CD25 ϩ population, from NOD lymph nodes have suppressive function equivalent to Tregs from NOR mice (Fig. 2D) . These data are the first to directly demonstrate that Th40 cells are regulated by Tregs.
Ratio of autoaggressive and Tregs
To gain better understanding of the relationship between intrinsic Tregs and the now-described, autoaggressive T cells, we determined the actual numbers of these different cell populations. Total CD4 ϩ T cell numbers in spleen, peripheral lymph nodes, and draining pancreatic lymph nodes of NOD, NOR, and BALB/c mice were compared. Unlike previous studies focusing only on CD4 hi , we included CD4 lo T cells. NOD mice exhibit significantly (PϽ0.001) more overall CD4 T cells in spleen than NOR or BALB/c mice (Fig. 3) . Total numbers of CD4 ϩ T cells are not significantly different between NOR and BALB/c mice. Not surprisingly, NOD mice have expanded CD4
ϩ T cell levels in pancreatic lymph nodes but also in peripheral lymph nodes.
Consistent with Th40 harboring autoaggressive cells, NOD mice have significantly (PϽ0.001) more Th40 cells in spleen and pancreatic lymph nodes (Fig. 3) . NOD mice have more Th40 cells per peripheral lymph node than BALB/c mice. NOR mice have more Th40 cells than NOD or BALB/c mice only in the peripheral lymph node. The numbers of Th40 cells in pancreatic lymph node from NOR mice are not significantly different from those of BALB/c mice (Fig. 3) . We examined the absolute number of CD4 ϩ CD25 ϩ FoxP3 ϩ in spleen and peripheral and pancreatic lymph nodes. Although the percentages of Tregs differs, the absolute numbers of classically described Tregs, CD4 ϩ CD25 ϩ FoxP3 ϩ , in NOD mice spleen and per pancreatic lymph node were statistically not different than that of NOR and BALB/c mice (Fig. 3) . Interestingly, NOR mice that are diabetes-resistant statistically have more Tregs than NOD or BALB/c per peripheral lymph node (Fig. 3) .
We directly compared the ratio of Th40:Treg cells. Tissues examined include spleen (Fig. 4A) , peripheral lymph nodes (Fig. 4B) , and pancreatic lymph nodes (Fig. 4C) . In all tissues, the ratio of Th40:Treg cells is significantly (PϽ0.001) higher in NOD mice than in NOR or BALB/c mice, thus suggesting homeostatic dysregulation in NOD mice. When this ratio is compared, there is no significant difference between NOR and BALB/c mice. The peripheral lymph node ratio of Th40:Treg cells in NOR mice is not significantly (Pϭ0.951) higher than that of BALB/c mice (Fig. 4B) . Although Th40 cell numbers are elevated in NOR peripheral lymph nodes, the elevated numbers of Tregs compensate, as reflected by the Th40:Treg ratio. As might be expected, NOD mice have the highest ratio of Th40:Treg cells in pancreatic lymph nodes (Fig. 4C) .
CD40-engaged Th40 T cells resist Fas-mediated cell death
Although several factors can affect homeostatic dysregulation, we examined the effect of CD40 engagement on induced cell death. A major mechanism for lymphocyte cell death involves the Fas cell death pathway [47] . Fas is an important component of lymphocyte clearance through the activation-induced cell death mechanism [48] . However, depending on T cell naïve or memory phenotypes, Fas can induce cell death or cell proliferation [49] . Th40 cells from NOD mice treated with anti-Fas at 5 g/ml were resistant to cell death above background levels (Fig. 5) . NOR Th40 cells, however, were significantly (Pϭ0.016), although not robustly, susceptible to Fas-mediated cell death (Fig. 5) . CD40 engagement ablated Fas-mediated cell death of Th40 cells from NOR mice (Fig. 5 ). Th40 cells from BALB/c mice were susceptible to Fas-mediated cell death above basal levels, but CD40 engagement did not rescue the induced cell death (Fig. 5) .
As NOD Th40 cells appear resistant to Fas-mediated cell death, we examined Fas levels on Th40 cells from the different mouse strains. The majority (92.8%) of immediately ex vivo Th40 cells from NOD mice is Fas -or Fas lo (Fig. 6A) . In contrast to this, immediately ex vivo, Th40 cells from NOR or BALB/c backgrounds are predominantly Fas hi (Fig. 6A ). Th40 cells from NOD mice that were CD40-engaged overnight had drastic increases (up to 52%) in Fas expression (Fig. 6B) . Given this finding, we determined if increasing the concentration of anti-Fas antibody affects induced cell death of NOD Th40 cells. As before, lower concentrations (5 g/ml) of antiFas had no significant effect on NOD Th40 cells (Fig. 6C) . However, NOD Th40 cells were susceptible to Fas-mediated cell death when a super-saturating, 10 g/ml, concentration of anti-Fas was used (Fig. 6C) . When NOD Th40 cells were pretreated (18 h) with anti-CD40 and then treated with antiFas, even at the higher concentration, cells remained Fas cell death-resistant, although the majority of those T cells now expresses Fas (Fig. 6B ).
Th40 cells from NOD mice proliferate more readily than Th40 cells from NOR mice
The amount of cell death induced by anti-Fas in NOR Th40 cells is significant but not robust, and a distinct difference in Th40 cell numbers occurs between NOD and NOR mice. We examined the effects of treating Th40 cells from NOD and from NOR mice with anti-Fas, followed by adoptive transfers of these cells to NOD.scid recipients (Fig. 7A) . Mice receiving Fig. 3 . Total number of CD4, Th40, and Tregs in spleen and peripheral and pancreatic lymph nodes of NOD, NOR, and BALB/c mice. CD4 ϩ T cells were isolated from individual, 9-to 12-week-old female NOD, NOR, and BALB/c mice (Ͼ90% CD3 ϩ ). T cells from spleen and peripheral and pancreatic lymph nodes were counted by trypan blue exclusion from six individual mice and averaged. Lymph node data are total cells per lymph node. Total number of Th40 cells was determined by staining total CD4 ϩ T cells from each mouse and from each site with anti-CD40 and analysis by FACS to yield a percentage and then calculating the actual number. Total number of Tregs was determined from each mouse and each site by determining the percentage of CD4 ϩ CD25 ϩ FoxP3 ϩ cells within the total number of counted cells and then calculating the actual number. Data represent analysis from individual mice, two of each strain per experiment, and experiments were performed three separate times.
anti-Fas-treated Th40 cells from NOD donors exhibited rapid hyperglycemia (Fig. 7A) . Mice receiving anti-Fas-treated Th40 cells from NOR donors exhibited delayed hyperglycemia, as compared with Th40 cells that were not Fas-engaged (compare Figs. 7A with 1A ). Th40 cells were not killed by Fas treatment, as cells were recovered from spleen and pancreatic lymph nodes.
The potential for induced cell death alone would not account for the differences in Th40 numbers between NOD and NOR mice. We considered that the homeostatic proliferation rate may be greater in Th40 cells from NOD mice. Th40 cells were isolated from age-and gender-matched NOD and NOR mice. Activated cells and importantly, Tregs were removed, and then naïve Th40 cells were injected into NOD.scid recipients to allow comparison of homeostatic proliferation [50] . After injecting equal numbers of NOD or NOR Th40 cells, greater numbers of Th40 cells were detected in spleen (Fig. 7B ) and pancreatic lymph nodes (Fig. 7C) in recipients of NOD Th40 cells after 10, 14, 18, 21, and 28 days. Th40 cells from NOR mice did expand in number over time in spleen and pancreatic lymph nodes, demonstrating that these T cells are not static. By 21 days post-T cell transfer, the numbers of NOD Th40 cells were 2.5-times greater than the numbers of NOR Th40 cells (Fig. 7 ). These data demonstrate that in addition to lower Fas-mediated cell death susceptibility, Th40 cells from NOD mice undergo more rapid homeostatic proliferation.
DISCUSSION
Autoimmune diseases, including T1D, are characterized by persistence of autoaggressive T cells. These rogue T cells have broken peripheral tolerance to promote inflammation, provide "help" for B cells to produce autoantibodies, and in many cases, directly attack self-tissue leading to tissue destruction [51] [52] [53] . Mechanisms controlling effector, autoaggressive T cells include induced anergy, activation-induced cell death, and suppression mediated by Tregs. Reports indicate that in the NOD mouse model of T1D, Tregs are fully functional [46, 54] , and studies further indicate that Tregs in NOD mice do not undergo preferential cell death, but rather, levels of Tregs remain constant [54] . Nonetheless, NOD mice develop T1D. A recent study suggests that NOD mice do not have a global defect in the generation or maintenance of Tregs [55] . As we show in this report, when the actual number of Tregs is measured, NOD mice statistically are not different than diabetes-resistant NOR mice and nonautoimmune BALB/c mice. Importantly, the Tregs from NOD mice are equally functional as Tregs from NOR mice. Why then do NOD mice develop T1D?
The existence of autoaggressive T cells, even in nonautoimmune individuals, is understood. A critical problem, however, has been defining a reliable cell surface marker for these effector T cells. We have shown that CD40, although typically associated with APCs, demarcates diabetogenic T cells in the NOD mouse model [10 -13, 44] , and recently, we showed this to be true in human T1D [56] . We demonstrated that Th40 cells are found directly in the pancreata of prediabetic and diabetic mice, and Th40 cells transfer T1D to NOD.scid recipients [10] . Th40 cells occur at normal numbers in 3-week-old, preinsulitis NOD mice but expand concurrently with progres- ϩ T cells from three individual, 9-to 12-week-old female NOD, NOR, and BALB/c mice were untreated or CD40-oligomerized for 18 h. Following this treatment, cells were treated with 5 g/ml anti-Fas for 18 h. Cell death was determined using PI to intercalate DNA. Percentages are the average of percent apoptotic cells. Cell death is verified by TUNEL assay measuring fragmented DNA [38] . Data reported are averaged from three individual mice with experiments performed three separate times.
sive insulitis [11] . We show here that in pancreatic draining lymph nodes, even well prior to onset of hyperglycemia, Th40 cells are expanded significantly in percentage and actual cell numbers in NOD mice. In fact, we speculate that it is within this T cell population that an abnormality in autoimmune diabetes occurs. NOR mice have an identical T cell developmental background as NOD mice [42] and as we confirmed here, develop autoaggressive T cells, yet the levels of Th40 cells remain contained such that NOR mice do not develop diabetes. This suggests a tolerogenic mechanism that is effective in NOR mice and deficient in NOD mice and that may involve CD40. ϩ T cells were incubated overnight without treatment or were CD40-oligomerized for 18 h. Cells from each subset were treated with anti-Fas at the concentrations shown for an additional 18 h. Cell death was determined by PI intercalation into DNA and flow cytometry as described in Figure 5 . Data are from the averages of three individual mice per experiment with experiments performed three separate times. Percentages are reported as means Ϯ SD. Fig. 7 . Th40 homeostatic proliferation. Equal numbers, 2.5 ϫ 10 6 , of naïve Th40 cells that were Fas-cross-linked from NOD (circles) or NOR (squares) mice were injected into NOD.scid recipients. (A) Six out of seven recipients of NOD T cells became hyperglycemic at 6 days and seven out of seven by Day 11 post-transfer, blood glucose Ͼ180 mg/dl for at least 4 continuous, separate days. Three out of six NOR T cell recipients became hyperglycemic after 28 days. For cell recovery and proliferation, two NOD and two NOR mice were killed at 10, 14, 18, and 21 days post-transfer. Numbers of T cells in spleen (B) and pancreatic lymph nodes (C) were determined. Anti-Fas engagement had no effect on Th40 expansion. Th40 cells from NOD and NOR that were not anti-Fas-engaged gave the same expansion rates. Cells were stained and found to be Ͼ98% CD4 ϩ and CD40 ϩ .
There are several possible reasons for the exaggerated imbalance in NOD mice that results in the disruption of homeostasis leading to breach of tolerance and fulminate disease. Peripheral mechanisms to control T cell function include those imposed by Tregs, e.g., cell-to-cell contact-mediated TGF-␤ inhibition, TGF-␤ secretion, competition for antigen and competition for homeostatic space, and other control mechanisms include activation-induced and Fas-mediated cell death and homeostatic regulation of T cells. Disrupting any of these control mechanisms ultimately would result in the survival and accumulation of self-antigen-reactive, in this case, autoaggressive T cells. Mechanistically one fundamental difference between NOD and NOR or BALB/c Th40 cells includes immediately ex vivo expression levels of Fas and response of these T cells to Fas engagement. CD40 engagement protects NOD Th40 cells from Fas-mediated cell death, even at super-saturating concentrations of anti-Fas. CD40 engagement protects NOR Th40 cells from Fas-mediated cell death, but we demonstrated that NOR Th40 cells can be autoaggressive. Using a nonautoimmune control, BALB/c mice, Th40 cells are not protected from Fas-mediated cell death by CD40 engagement.
When T cells are activated, specifically through the TCR, there are two thresholds of activation: one that occurs with lower antigen dose to induce CD154, CD25, CD69, and other activation molecules [57] ; the second that induces Fas ligand (FasL) and requires high antigen dose and long-lasting TCR engagement [57] . A plausible hypothesis is that during autoimmune conditions, autoaggressive T cell interaction with selfantigens is sufficient to induce CD154 and ultimately, relatively high FasL expression. As CD154 is induced at a lower antigen dose, the potential signal through CD40 would come first, with potential signals from Fas occurring later. As shown here, pre-engagement of CD40 on Th40 cells in NOD but not in T cells from a nonautoimmune background protects from Fas-mediated cell death. Although self-antigens eventually induce FasL, the induction of CD154 initially overrides the Fas signals in Th40 cells. Only when FasL is excessively high, and CD40 signals have been exhausted, perhaps after long-term antigen exposure, would Th40 cells be able to undergo cell death.
Importantly, Tregs from NOD mice are functional and occur at actual numbers equivalent to NOR and nonautoimmune BALB/c mice. Tregs are capable of controlling Th40 cells, even in NOD mice. However, some fundamental tolerance dysregulation occurs, leading to drastic disruptions in the balance between potentially pathogenic Th40 cells and Tregs. Such a fundamental difference between NOD and NOR mice includes that Th40 cells from NOD mice undergo more rapid homeostatic expansion than do Th40 cells from NOR mice. Throughout the experimental period and notably, by 28 days, Th40 cells from NOD mice had drastically outpaced Th40 cells from NOR. The hypothesis would be that although Tregs are capable of suppressing Th40 cells, as Th40 cells from NOD mice can homeostatically expand much more rapidly than Th40 cells from NOR, NOD Th40 cells overwhelm the Treg control, leading to the pathogenic T cell imbalance.
Mechanisms explaining the tolerance disruption leading to autoimmunity include many different pathways. The studies presented here collectively represent the delicate balance that must be maintained between identifiable, autoaggressive Th40 and Treg cells and the emerging role of CD40 in that homeostatic dance.
